I. INTRODUCTION
Measuring the microwave properties of a material in a broad frequency range can be important both for a fundamental microscopic understanding of its electrodynamic response and for possible applications where certain spectral characteristics of a material might be desired. 1 One experimental approach for broadband measurements at GHz frequencies is placing the material of interest at the open end of a coaxial cable and measuring, by help of a vector network analyzer, the complex reflection coefficient S 11 of the microwave signal traveling along the coaxial cable, as shown schematically in Fig. 1 . In the field of dielectrics, this technique is typically called open-ended coaxial line (or probe), [2] [3] [4] [5] whereas in the field of conductive materials the term Corbino probe is common. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Here, the sample of interest is typically mounted on a cylindrical, metallic sample holder. This sample holder is inserted into a metallic cylinder of matching inner diameter, where it forms one endplate of a metallic cavity. The Corbino probe itself is located at the center of the opposite endplate. The height of the conductive cavity now depends on the height of the sample, which is pressed against the Corbino probe by a spring on the back side of the sample holder.
Studying a highly conductive sample such as a good metal or a superconductor with the Corbino approach is only possible if the thickness of the conductor is very thin, of the order of tens of nanometers. 7, 11 Such thin films are fabricated by deposition onto dielectric substrates with typical lateral dimensions of a few millimeters. In the simplest assumption, the reflection coefficient S 11 of such a sample is governed completely by the conductive film, 7, 11 as this is the dominating contribution to the sample impedance Z L , which in turn deter-
, where Z 0 is the characteristic impedance of the coaxial cable, usually 50 . Such metallic films are much thinner than the skin depth, and one can expect that some part of the microwave signal leaks through the thin film, into the dielectric substrate. 7 This can be a serious problem if the substrate, possibly in combination with the metallic cavity, forms a dielectric or cavity resonator. Such "substrate resonances" have frequently been observed in the a) scheffl@pi1.physik.uni-stuttgart.de study of conductive thin films. 11, [16] [17] [18] [19] [20] [21] [22] If these resonances are narrow in frequency, they might be just a nuisance of the experiment, excluding this particular frequency range from data analysis of the thin film. In more severe cases, these resonances set the upper frequency limit beyond which the experiment cannot be reasonably analyzed.
Here we study, by means of simulations and experiments, how these resonances depend on the properties of the dielectric substrate and the sample holder dimensions. While Kitano et al. 18 previously discussed aspects of this problem and Booth et al. 23, 24 considered it in the context of an abrupt coaxial to circular waveguide transition, we now present a more thorough investigation. Our main goal is understanding and controlling the resonance frequencies, thus allowing to extend Corbino spectroscopy on conductive films to a wider frequency range. As was shown already by Kitano et al., 18 the relative strength of the resonances increases with decreasing film thickness, thus counteracting efforts to improve sensitivity by increasing the sample impedance, 11, 25 but the resonance frequency does not depend much on the metallic thin film on top of the dielectric substrate. Therefore, we can limit ourselves to purely dielectric samples, i.e., substrates without metallic films. This drastically facilitates the simulations, where otherwise very different dimensions (film thickness compared to probe size) lead to difficulties in the simulations.
II. PROCEDURES
Simulations were performed with the Transient Solver mode of the simulation software CST Microwave Studio. 26 This program determines S 11 as a function of frequency and additionally provides the electric and magnetic field distributions at desired frequencies.
Experiments (at room temperature) were performed for comparison with the simulations. We used Corbino probes based on commercial 1.85 mm adapters in the geometry described previously, 11 and these probe dimensions were also used for all simulations. The coaxial probe was calibrated with a commercial calibration kit. 27, 28 The samples are made of different materials and had different sizes and shapes. Unless noted otherwise, the thickness of the samples was 0.5 mm. Circular samples with diameters of 4 mm, 6 mm, and 8 mm and square samples with edge length 3.5 mm and 4.5 mm were used. These are typical dimensions for the substrates of thin films for Corbino measurements. Table I shows the different dielectric materials and their permittivity values taken from literature. [29] [30] [31] Many of them are frequently used as substrates for thin films, whereas Teflon with a very low dielectric constant was chosen for comparison.
III. RESULTS
Figure 2 compares typical spectra from simulations and experiments. For the three different dielectrics shown here, the lowest-lying resonance frequency is found between 5 GHz and 20 GHz, in the typical desired frequency range for Corbino studies. Although there are some discrepancies between the spectra from experiment and simulation, the match for the lowest resonance frequency is sufficient to use the simulation for predictions about the resonance frequencies. 32 Already from these data it is clearly visible that this resonance is shifted to a lower frequency when the permittivity of the sample is increased.
With this fundamental agreement between experiment and simulation, we can use the simulated field distributions for a descriptive understanding of the resonances. As an example, in Fig. 3 we address the third resonance frequency of a 4 mm diameter sample in a 24.2 mm diameter probe cavity. With increasing sample permittivity, the resonance frequency decreases, both in simulations and in experiment. But this monotonous decrease follows different behaviors depending on whether the permittivity is below or above a value of ap- proximately 20. These behaviors can be understood from the magnetic field distributions, which are plotted in the insets of Fig. 3 : for small permittivity, the fields are stronger in the sample than in the empty probe space, but the field distribution can be understood as a mode that basically penetrates the whole probe cylinder, i.e., the resonance mode of a metallic cavity, and which is perturbed by the dielectric sample. For high permittivities, on the other hand, the fields are mostly concentrated within the sample, i.e., the mode is basically a dielectric resonance of the sample, with only weak fields extending beyond the dielectric. This overall behavior is similar to that of dielectric resonators in a metallic cavity. [33] [34] [35] [36] But one main difference to those is the way how the microwave signal is coupled into the device: for designated resonators in spectroscopy applications, one usually has a weak coupling of input and output lines to the resonator; this will leave the intrinsic field distributions of the resonator almost unchanged, and the environment does not affect the resonance properties. 37, 38 In our case, on the contrary, the coupling aperture, i.e., the Corbino probe itself, has a substantial size compared to the dimensions of the cavity.
For the third resonance mode, the transition between the two regimes occurs at a permittivity around 20, which is within experimentally relevant parameter ranges. For the lower-lying resonances, on the other hand, we can restrict our discussion to the low-permittivity regime, i.e., the resonance is basically the resonance of a metallic cavity, which is modified to some extent by the dielectric sample. This is demonstrated by the simulated field distribution: Fig. 4 shows the magnetic and electric fields at the lowest-lying resonance frequency of the NdGaO 3 sample whose spectrum is shown in Fig. 2 . From the simulations, the lowest resonance can be identified as the TM 010 -mode. The next higher mode is the TM 020 -mode. For materials with high permittivities, higher modes with more complex field distributions are observed at high frequencies.
In the following, we mostly focus on the lowest-lying resonance, and we address how it depends on different parameters. We are interested in situations close to real Corbino measurements with films on dielectric substrates, i.e., circular or square-shaped samples on a sample holder with a diameter of 5 mm or more. As we will show, in these circumstances there are three main quantities that govern the resonance frequencies: the permittivity of the dielectric sample, the base-area of the sample, and the diameter of the cavity.
Especially it turned out that the thickness of the sample does not affect much the resonance frequency, except for very high frequencies. This result is evident from data, both measurements and simulations of fused silica samples, shown in Fig. 5 : one can see that there is almost no change in the resonance frequency for the different thicknesses. This plot also shows the good frequency match between simulation and experiment. Further simulations showed that this thickness independence also holds for samples with higher dielectric constant. The negligible influence of the sample thickness on the resonance frequency can be understood as we address a TM 0n0 mode. Next, we address the role of the sample shape. In Fig. 6 , we show measured spectra for three different sample materials, Teflon, crystalline quartz, and LaAlO 3 , and for each of these materials we compare a square sample of 3.5 mm × 3.5 mm and a circular one with diameter 4 mm. Except for the case of LaAlO 3 at high frequencies (above 30 GHz), the corresponding spectra of square and circular samples basically lie on top of each other. This indicates that the sample base area, which is almost equal for this particular case of square and circular samples, is the relevant parameter of the sample geometry that determines the low-frequency resonances, whereas the exact shape plays a minor role here. But it turns out that this shape independence is not valid anymore at high frequencies for samples with high permittivity. An analysis of the modes with the simulation software shows that with growing permittivity the field is more concentrated inside the sample, and then the shape influences the resonances, as already discussed in context of Fig. 3 . This also explains the deviation between the two LaAlO 3 spectra at high frequencies in Fig. 6 . One parameter that clearly influences the resonance frequencies is the size of the sample. This is shown in Fig. 7 , where the two lowest resonance frequencies are plotted versus sample base area for the case of a fused silica sample. Also here the values from simulation and experiment match well, and the gradual decrease of the resonance frequencies with increasing sample size is evident. 41 For the lowest resonance frequency, this change is comparably small, at least for this case of a permittivity which is not very large. Here, the diameter of the sample holder has a much larger influence, as shown next. eter. Measurements were performed for two different sample holder diameters, and again we find a close fit between measurements and simulations for low permittivities as well as for high ones. As evident from the plot, the resonance frequency strongly depends on both, cavity diameter and sample permittivity. For a bigger cavity (i.e., bigger Corbino sample holder) and/or a higher permittivity, the resonance is shifted to lower frequencies, and this effect is particularly pronounced for small sample holders and low sample permittivity. Clearly, if one wants to push the resonance to as high as possible frequency, one has to use a small sample holder and a sample (or substrate for thin-film sample) with a very low permittivity. However, in practice one is typically restricted in the possible choices of the dielectric materials that act as substrate of a metallic thin film. Furthermore, there is a practical fundamental lower limit for the diameter of the sample holder; in our case this would be around 4 mm because the outer diameter of the Corbino probe is 3.7 mm.
IV. SUMMARY
Our results show that simulations can be used to predict substrate resonances occurring in Corbino measurements. By using the simulations, we studied how the resonance frequencies can be affected in circumstances that are representative for real Corbino measurements. For certain cases we performed actual measurements, and we found a good agreement with the simulations. In the typical experimental regimes, the thickness and the shape of the dielectric samples have no influence on the low resonance frequencies. But they can be shifted considerably by varying the diameter of the sample holder, the area of the sample, and the sample permittivity. This knowledge can be helpful in future measurements if the particular conditions of the experiment allow one to tune these parameters and thus shift the resonances to desired frequencies.
